Interferon (IFN)-stimulated gene 15 (ISG15) encodes a ubiquitin-like protein that is heavily involved in immune response elicitation. As an important member of interferon regulatory factor (IRF) family, IRF1 can activate the expression of multiple genes, including the human optineurin gene (Sudhakar et al., 2013) . In this study, a sequence in the promoter region of the optineurin gene was compared to the 5′ flanking region of the porcine isg15 gene. Porcine IRF1 also possesses antiviral activity against several swine viruses , but the mechanism is not well understood. Herein, we report that porcine IRF1 and ISG15 were up-regulated in porcine kidney (PK-15) cells following stimulation with double-stranded RNA (dsRNA) or classical swine fever virus (CSFV) infection. We also found that siRNA-mediated knockdown of IRF1 expression resulted in lower ISG15 expression in response to polyinosinic:polycytidylic acid [poly(I:C)] or CSFV infection. The overexpression of IRF1 resulted in ISG15 up-regulation. IRF1 was shown to translocate to the nucleus in response to dsRNA stimulation. To further identify the functional domain of the isg15 gene that promotes IRF1 transcriptional activity, firefly luciferase and ISG15 reporter systems were constructed. The results of the firefly luciferase and ISG15 reporter assay suggested that IRF1 mediates the up-regulation of ISG15. Nucleotides −487 to −325, located in the 5′ flanking region of the isg15 gene, constituted the promoter region of IRF1. ChIP assay indicated that IRF1 protein was able to interact with the DNA in the 5′fr of isg15 gene in cells. As an innate immune response protein with broad-spectrum antiviral activity, the up-regulation of ISG15 mediated by IRF1 in porcine cells is reported for the first time. These results warrant further investigation into the antiviral activity of porcine IRF1 against reported swine viruses.
Introduction
According to previous studies employing virus-infected mammalian cells, pathogen-associated molecular patterns (PAMPs) trigger pattern recognition receptors (PRRs) (Saito and Gale, 2008) . PRRs induce the activation of interferon regulatory factors (IRFs). IRFs are a family of transcription factors. They play important roles in the regulation of both innate and adaptive immune responses (Matta et al., 2017) . All IRF family members are conserved in the N-terminal DNA-binding domain. The domain consists of approximately 120 amino acids and can recognize IFN stimulated response element (ISRE) (GAAANN-GAAAG/CT/C) and activate gene expression (Romeo et al., 2002) . Viral infection can result in the phosphorylation of IRFs at the C-terminus. The activated IRFs translocate into the nucleus and induce the expression of IFN and IFN-stimulated genes (ISGs) .
As an important member of the IRF family, IRF1, can induce the expression of multiple genes, including ifnγ (Shultz et al., 2009) , ifnλ (Ding and Robek, 2014) , optineurin (Sudhakar et al., 2013) , p53 (Camicia et al., 2013) , tlr3 (Zhu et al., 2017) , ip10 (Shultz et al., 2009) , isg20 (Espert et al., 2004) , viperin (Stirnweiss et al., 2010) , and mhc I (Ten et al., 1993) . These genes are involved in the immune response to viral infection, tumor immune surveillance, and pro-inflammatory injury (Dou et al., 2014 ). An increasing number of studies have suggested that IRF1 plays an important role in the antiviral activity. Although the mechanism is not well-understood, it is reported that porcine IRF1 exhibits antiviral activity against several swine viruses, including swine influenza virus (SIV), transmissible gastroenteritis virus (TGEV), vesicular stomatitis virus (VSV), and pseudorabies virus (PRV) .
ISG15 is a ubiquitin (Ub)-like modifier that is induced by IFN and viral infection. It is structurally and functionally similar to Ub and is a covalently modifiable target in enzyme cascades that are important for the exertion of interferon antiviral effects (Durfee et al., 2010) . ISG15 is capable of repressing the replication of the vaccinia virus, Sendai virus, human papillomavirus, influenza viruses, herpes simplex virus 1 (HSV-1), chikungunya virus (CHIKV), Sindbis virus, Ebola virus, and HIV-1 (Morales et al., 2015) . ISG15 likely acts as an innate immune response protein with broad-spectrum antiviral activity (Harty et al., 2009) .
Classical swine fever virus (CSFV) causes a highly contagious disease and has been deemed the most infectious pig disease by the Office International Des Epizooties (OIE). This positive-stranded RNA virus belongs to the Flaviviridae family and the Pestivirus genus. The CSFV genome contains a 5′-untranslated region (5′-UTR), a 3′-untranslated region (3′-UTR), a single large open reading frame (ORF), and encodes a large polyprotein that is cleaved by host and viral proteases to generate 12 proteins (Krol et al., 2014) .
Here, both porcine IRF1 and ISG15 were shown to be up-regulated in PK-15 cells following stimulation with double-stranded RNA (dsRNA) or CSFV infection. IRF1 was found to localize to the nucleus following stimulation with dsRNA. To identify whether the up-regulation of ISG15 is mediated by IRF1, the functional domain of the isg15 gene (5′ flanking region) was investigated. Mapping the promoter region of isg15 gene will be helpful in understanding how IRF1 performs its transcriptional activity. Moreover, this study suggests that ISG15 may be a significant downstream effector of IRF1 in exerting its antiviral activity.
Materials and methods

Cells and virus
Porcine kidney (PK-15) cells and baby hamster kidney (BHK-21) cells were purchased from American Type Culture Collection (ATCC). Both cell lines were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum and incubated at 37°C with 5% CO 2 .
A highly virulent CSFV Shimen strain isolated in China in 1945 was utilized in this study.
Real-time PCR
Real-time PCR was performed using SYBR Green, as previously described (Feng et al., 2012) . Briefly, total cellular RNA was extracted using TRIzol (Invitrogen, Shanghai, China) and a RNAsimple Total RNA Kit (Tiangen Biotech Co, Beijing, China) according to the manufacturers' protocols. First-strand complementary DNA (cDNA) was synthesized with 1.0 μg of total RNA using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen, Shanghai, China) according to the manufacturer's instructions. Oligo (dT) primers were used to synthesize the cDNA. A LightCycler 96 PCR detection system (Roche Diagnostic Ltd, Shanghai, China) was used for the quantitative assessment of IRF1 and ISG15 mRNA under standard cycling conditions. GAPDH expression served as the reference gene for all reactions. Relative fold changes were calculated using the 2 −ΔΔCt method. All primers and associated sequences are listed in Table 1 .
Western blot analysis
Western blot experiments were performed using a standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separation technique for protein samples, with subsequent transfer to a polyvinylidene fluoride (PVDF) membrane. The membranes were blocked overnight at 4°C with 5% skim milk in Tris-buffered saline (TBS) containing 0.05% Tween-20 (TBS-T). Next, the membranes were washed three times with TBS-T and incubated with primary antibodies for 60 min at 37°C. Each membrane was washed three times with TBS-T and incubated for 60 min at 37°C with an alkaline phosphatase-labeled secondary antibody. Specific protein bands were visualized using a BCIP/NBT kit (Beyotime Ltd, Beijing, China).
Nuclear and cytoplasmic proteins were extracted using a Nuclear and Cytoplasmic Protein Extraction Kit (P0027) (Beyotime Ltd, Beijing, China) according to the manufacturer's protocol.
Antibodies
Specific antibodies were used in the western blot experiments. Anti-IRF1 antibody (11335-1-AP) and anti-Lamin B1 antibody (12987-1-AP) were purchased from Proteintech™ (Wuhan, China). An anti-CSFV E2 antibody (9011) was purchased from JBT™ (Seoul, Korea). An anti-β-actin (CW0096A) monoclonal antibody was purchased from CWBIO™ (Beijing, China). A horse anti-mouse IgG antibody (whole molecule) labeled with alkaline phosphatase (ZB-2310) and a goat anti-rabbit IgG antibody (whole molecule) labeled with alkaline phosphatase (ZB-2308) were obtained from ZSGB™ (Beijing, China). An anti-ISG15 antibody was prepared in our laboratory.
Indirect immunofluorescence assay (IFA)
PK-15 cells were grown to 70% confluence on 24-well plates and were transfected with 2 μg of poly(I:C). Methanol and acetone were mixed in a 1:1 ratio, and the transfected cells were collected at 6, 12, and 36 h post-transfection (hpt) and fixed with the methanol and acetone mixture for 20 min at 4°C. Cells were incubated with a porcine anti-IRF1, ISG15, β-actin, or Lamin B1 antibody for 1 h at 37°C and then stained with a secondary antibody conjugated to Alexa Fluor 555 (P0190) (Beyotime Ltd, Beijing, China) or Alexa Fluor 488 (ab150117) (Abcam Ltd, Shanghai, China). DAPI (2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride) (C1002) (Beyotime Ltd, Beijing, China) was used to visualize the nuclei. The images were captured using a Nikon eclipse Ti fluorescence microscope (Japan).
siRNA-mediated silencing tests
The siRNA sequences used in this study are listed in Table 2 . All siRNAs were synthesized by Invitrogen. siRNA transfection was X.-Q. Li et al. Molecular Immunology 94 (2018) 153-165 performed as described in the Oligofectamine™ user manual (Invitrogen, Shanghai, China).
Luciferase reporter assay
The 5′ flanking region (5'fr) of the isg15 gene (GenBank Sequence ID: NW_003540743.2) was amplified from PK-15 cells by PCR. The firefly luciferase gene (Luc) used for this assay was included in the PGL6 vector (Beyotime Ltd, Beijing, China). The FL region (nucleotides −1143 to 0) of the isg15 gene, or mutants containing mutations associated with the 5'fr of isg15 gene itself, were inserted into the multiple cloning site (MCS) of the PGL6 vector, and PGL6-5'fr-Luc expression vectors were generated.
The firefly luciferase open reading frame (ORF) in the PGL6-5'fr-Luc expression vectors was replaced with the isg15 gene ORF, resulting in the generation of PGL6-5'fr-ISG15 expression vectors.
BHK-21 cells (1 × 10 6 cells) were seeded and grown for 24 h prior to transfection with 0.4 μg of the PGL6-5'fr-ISG15 or PGL6-5'fr-Luc expression vectors. The cells were simultaneously transfected with 0.4 μg of the pcDNA-IRF1 vector, which contained an FL ORF for porcine IRF1. Lipofectamine™ 2000 (Invitrogen, Shanghai, China) was used for transfection. Twenty-four h after transfection, the cells were lysed with RLU lysis buffer (Beyotime Ltd, Beijing, China) for 5 min at room temperature. After centrifugation, the supernatants were analyzed with a firefly luciferase reporter assay using the Tecan Infinite M200 PRO system (Switzerland). A cytomegalovirus-β-galactosidase plasmid was used to normalize the transfection efficiency. The expression of IRF1 and firefly luciferase was also detected by western blot. For the PGL6-5'fr-ISG15 expression vector, the cell lysates were collected at 24 h post-transfection (hpt), and the expression of IRF1 and ISG15 was detected by western blot.
Construction of stable PK-15 cell lines of IRF1 over-expression
The ORF of the porcine IRF1 gene was cloned into a lentivirus-derived vector, pHS-AVC (Synthetic Biology Ltd, Beijing, China). The empty vector, pHS-AVC, and the porcine IRF1-expressing vector, pHS-AVC-IRF1, were packaged into lentivirus using a Lentivirus Packaging Kit (BG20401S) (Synthetic Biology Ltd, Beijing, China) according to the manufacturer's protocol. The lentiviral titers were measured by Realtime PCR. The titers of the empty vector (pHS-AVC) packaged lentivirus and the pHS-AVC-IRF1 packaged lentivirus were 1.95 × 10 8 and 1.64 × 10 8 transducing units (TU)/mL, respectively. PK-15 cells were infected with 30 multiplicity of infection (MOI) of the empty vector (pHS-AVC) packaged lentivirus or the pHS-AVC-IRF1 packaged lentivirus. Positive cells were selected with puromycin at the final concentration of 0.6 μg/mL to generate stable cell lines.
ChIP assay
ChIP assay was used to identify the interaction between IRF1 protein and the DNA in the 5'fr of isg15 gene. The experiment was carried out according to the manufacturer's protocol of ChIP Assay Kit (P2078) (Beyotime Ltd, Beijing, China). In brief, the PK-15 cells (Mock), empty vector packaged lentivirus-infected PK-15 cells (pHS-AVC) and IRF1-expressing PK-15 cells (pHS-AVC-IRF1) were fixed with formaldehyde to establish a reversible protein-DNA cross-linking. Cells were lysed, and the chromatin is cut into fragments using sonication. Immunoprecipitation was carried out using a specific anti-Flag tag antibody (14793) (Cell signal technology, Shanghai, China). The antiFlag tag antibody (14793) is also used to detect the fusion expression (IRF1-Flag tag) protein in IRF1-expressing PK-15 cells (pHS-AVC-IRF1). After immunoprecipitation, the protein-DNA cross-links were reversed. IRF1 protein was detected by Western blot, and the DNA that was associated with the IRF1 protein was determined by Real-time PCR. The primers aiming to amplify the DNA region of 5'fr of isg15 gene were list in Table 1 .
Statistical analysis
All experiments were repeated at least three times. Data are expressed as the mean ± SD (standard deviation). Using SPSS 17.0, differences between the experimental groups and the control group were determined by the Student's t-test, and differences between the two experimental groups were determined by Tukey test for multiple comparisons. A p-value of less than 0.05 was considered to be statistically significant.
Results
siRNA-mediated knockdown of IRF1 results in the inhibition of ISG15 up-regulation following dsRNA stimulation
Viruses create double-stranded RNA (dsRNA) during replication in mammalian cells. Polyinosinic:polycytidylic acid [poly(I:C)] is a synthetic dsRNA analog that has a molecular signature that mimics viral infection. Aiming to understand the relationship between IRF1 and ISG15 following stimulation with poly(I:C), PK-15 cells were transfected with poly(I:C) at the concentration of 2 μg/mL, and the expression of IRF1 and ISG15 was investigated. IRF1 mRNA levels were upregulated in PK-15 cells by 4.1, 6.8, 11.7, and 11.2-fold at 6, 12, 24, and 36 hpt, respectively (Fig. 1A) . Real-time PCR indicated that ISG15 mRNA increased by 330.4, 663.5, 610.7, and 877.2-fold at the same time points following poly(I:C) transfection (Fig. 1B) . Western blot analysis revealed the up-regulation of IRF1 and ISG15 following poly (I:C) transfection (Fig. 1C) . The results showed that IRF1 protein was up-regulated 1.9 and 2.6, 2.7, and 3.8-fold at 6, 12, 24, and 36 hpt, respectively ( Fig. 1D) , and ISG15 protein up-regulated 1.4, 3.2, 7.1, and 7.4-fold at the same time points (Fig. 1E) . Also, both free ISG15 and ISGylation could be detected in the dsRNA stimulation (Supplemental Fig. 1A ). A poly(I:C) concentration of 2 μg/mL was selected based on previous investigations . We also confirmed that the transfection reagent did not result in significant IRF1 and ISG15 upregulation (data not shown), indicating that the up-regulation of IRF1 and ISG15 were specific to the poly(I:C) treatment, as opposed to a result of cellular stress or other element that may enter the cells during the transfection process.
As discussed above, both IRF1 and ISG15 were found to be upregulated after transfection with poly(I:C). We speculated that the upregulation of ISG15 following dsRNA stimulation may be dependent on IRF1. Therefore, the IRF1 expression was inhibited with a specific siRNA, and the expression changes in IRF1 and ISG15 were subsequently detected. Non-specific siRNA was used as a negative control. IRF1 and ISG15 expression were detected by western blot analysis. The results demonstrate that IRF1 is involved in ISG15 up-regulation following poly(I:C) transfection. The up-regulation of IRF1 was inhibited significantly at 24, 36, and 48 hpt in the cells transfected with 50 nM of IRF1 siRNA, compared to the samples transfected with 50 nM of control siRNA (Fig. 1F) . Specifically, the cells transfected with the control siRNA displayed a 1.8, 2.4, and 3.2-fold up-regulation of IRF1 at 24, 36, and 48 hpt, respectively. However, IRF1 expression decreased to 1.3, 1.1, and 1.0-fold when the cells were transfected with a specific IRF1- X.-Q. Li et al. Molecular Immunology 94 (2018) 153-165 targeting siRNA (Fig. 1G) . Simultaneously, the expression of ISG15 decreased significantly following the IRF1-targeting siRNA transfection. ISG15 expression in the cells transfected with IRF1-targeting siRNA decreased to 1.4, 1.1, and 1.0-fold compared to that of samples transfected with control siRNA, which displayed ISG15 expression levels of 2.4, 5.0, and 5.8-fold at 24, 36, and 48 hpt (Fig. 1H ). These experiments demonstrate that the inhibition of IRF1 expression results in significant ISG15 inhibition following dsRNA Fig. 1 . dsRNA stimulation up-regulated expression of IRF1 and ISG15. (A-C) The expression of IRF1 and ISG15 is induced in PK-15 cells following dsRNA stimulation. PK-15 cells were transfected with poly(I:C). The cell lysates were collected and total RNA was extracted at 0, 6, 12, 24, and 36 h-post-transfection (hpt). The mRNA levels of IRF1 (A) and ISG15 (B) were detected by Real-time PCR, and values were normalized to an internal control (GAPDH expression) with a relative fold-change value of 1.0 at 0 hpt. (C) IRF1 and ISG15 protein levels were detected by western blot analysis. Quantification of the relative expression levels of IRF1 (D) and ISG15 (E) proteins compared to that of β-actin (C). (F-H) PK-15 cells were transfected with 50 nM control siRNA or 50 nM IRF1-targeting siRNA and then transfected with poly(I:C). The cell lysates were collected at 24, 36 and 48 hpt, and the changes in IRF1 and ISG15 protein levels were monitored by western blot analysis. Quantification of the changes in IRF1 (G) and ISG15 (H) expression following IRF1 gene silencing was performed. The relative expression levels of these genes were compared to the β-actin expression levels. Error bars represent the SD, * represents statistical significance (p < 0.05) compared to the control samples as determined by the Student's t-test. stimulation.
IRF1 siRNA blocks ISG15 synthesis induced by CSFV infection
CSFV is a positive-stranded RNA virus that can trigger PRRs and activate the expression of multiple genes. Among the IRF members, it is well known that CSFV N pro interacts with IRF-3 or IRF-7 and blocks type I IFN induction, thereby helping facilitate viral infection . In contrast, the relationship between IRF1 and CSFV is less clear. PK-15 cells were infected with 1.0 MOI of CSFV, and the expressions of IRF1 and ISG15 were investigated. It was found that the IRF1 mRNA levels were up-regulated by 1.5, 1.8, and 2.3-fold at 24, 36, and 48 h post-infection (hpi), respectively ( Fig. 2A) . In addition, the ISG15 mRNA levels were up-regulated by 15.9, 65.8, 121.4, and 128.8-fold at 12, 24, 36, and 48 hpi, respectively (Fig. 2B) . Meanwhile, the IRF1 protein levels were up-regulated by 2.1, 2.4, and 2.9-fold at 24, 36, and 48 hpi, respectively. The ISG15 protein levels were up-regulated by 2.8, 3.2, and 3.5-fold at 24, 36, and 48 hpi, respectively (Fig. 2C-D) . Also, both free ISG15 and ISGylation could be identified in CSFV infection (Supplemental Fig. 1B) . The up-regulation of IRF1 was positively correlated with ISG15 up-regulation following CSFV infection.
Next, we attempted to identify whether IRF1 was involved in ISG15 up-regulation during CSFV infection. We inhibited the expression of IRF1 with a specific siRNA and determined the ISG15 expression levels after CSFV infection (Fig. 2E) . The IRF1 expression was significantly repressed at 24, 48, and 72 hpt in the cells transfected with 50 nM of the IRF1-targeting siRNA, compared to those transfected with 50 nM of the control siRNA (Fig. 2F) . As a result, the ISG15 expression in the cells transfected with the IRF1-targeting siRNA decreased to 1.1, 1.2, and 1.3-fold, compared to those transfected with the control siRNA, which were up-regulated 2.8, 6.2, and 6.4-fold at 24, 48, and 72 hpt, respectively (Fig. 2G) . Inhibition of IRF1 expression resulted in significantly lower ISG15 expression during CSFV infection.
These results indicate that IRF1 plays an important role in the upregulation of ISG15 during CSFV infection.
Over-expression of IRF1 induces ISG15 up-regulation
To evaluate the relationship between IRF1 and ISG15 directly, we constructed a stable cell line over-expressing IRF1 via a lentivirus- Fig. 2 . CSFV infection induced the up-regulation of IRF1 and ISG15. (A-C) CSFV infection up-regulates IRF1 and ISG15. PK-15 cells were infected with the CSFV Shimen strain (1.0 MOI). The cell lysates were collected and the total RNA was extracted at 0, 3, 6, 9, 12, 24, 36, and 48 hpi. IRF1 (A) and ISG15 (B) mRNA levels were detected by Real-time PCR, and the expression levels were normalized to an internal control (GAPDH gene) with a relative change value of 1.0 at 0 hpi. (C) The IRF1, ISG15, and CSFV E1/E2 proteins were detected by western blot analysis. (D) Quantification of the relative expression levels of IRF1 and ISG15 compared to that of β-actin based on (C). (E-G) PK-15 cells were transfected with 50 nM control siRNA or 50 nM IRF1 siRNA and then infected with CSFV (MOI of 1.0) at 3 hpt. The cell lysates were collected at 24, 48, and 72 hpi, and the changes in the IRF1 and ISG15 protein levels were monitored by western blot analysis. Quantification of IRF1 (F) and ISG15 (G) expression following IRF1 gene silencing was performed. The relative expression levels of these genes based on (E) were compared to that of β-actin. Error bars represent the SD, * represents statistical significance (p < 0.05) compared to the control samples as determined by the Student's t-test. derived vector. An empty vector (pHS-AVC) packaged lentivirus-infected cell line was used as a negative control. Compared to the empty vector (pHS-AVC) packaged lentivirus-infected PK-15 cells, IRF1 mRNA and protein levels in the pHS-AVC-IRF1 packaged lentivirus-infected PK-15 cells were up-regulated 7.8 and 3.2-fold, respectively. Consequently, the ISG15 mRNA and protein levels were up-regulated 480.6 and 5.8-fold in the pHS-AVC-IRF1 packaged lentivirus-infected PK-15 cells (Fig. 3A-C) .
In addition, the mock-infected, empty vector (pHS-AVC) and the pHS-AVC-IRF1-packaged lentivirus-infected PK-15 cells were transfected with control siRNA or IRF1-targeting siRNA, respectively. It was shown that siRNA-mediated IRF1 inhibition significantly repressed not only IRF1 but also ISG15 expression in the pHS-AVC-IRF1-packaged lentivirus-infected PK-15 cells (Fig. 3D-E) , confirming that IRF1 mediates ISG15 up-regulation.
IRF1 is imported into the nucleus following stimulation with dsRNA
We analyzed the subcellular localization of IRF1 in PK-15 cells upon dsRNA stimulation. PK-15 cells were transfected with poly(I:C) and the total IRF1 protein level in the nucleus and in the cytoplasm was compared. Western blot analysis was used to detect the expression of IRF1 in the nucleus and in the cytoplasm (Fig. 4A ). The results demonstrate that cytoplasmic IRF1 expression is decreased at 6, 12, and 36 hpt. In contrast, nuclear IRF1 expression was increased at the same time points. An indirect IFA was also used to visualize the translocation process (Fig. 4B) . The results show that IRF1 can be detected in the cytoplasm at 6 hpt. As time goes on, IRF1 can be detected in the cytoplasm and in the nucleus (12 hpt). Finally, IRF1 was found to be localized primarily in the nucleus at 36 hpt. These experiments indicate that IRF1 is able to translocate from the cytoplasm to the nucleus following stimulation with synthetic dsRNA.
3.5. IRF1 is able to interact with the DNA in the 5'fr of isg15 gene ChIP assay is an effective experimental technique to identify the interaction between transcription factor and DNA, especially detecting the original protein-DNA interactions in cells. In our study, ChIP assay was used to identify the interaction between IRF1 protein and DNA in the 5'fr of isg15 gene.
IRF1 over-expression resulted in ISG15 up-regulation, and the Flag tag is fusion expression with IRF1 protein in the IRF1-expressing PK-15 cells (Fig. 3) . Using the anti-Flag tag specific antibody, we immunoprecipitated the protein-DNA complex in the cell lysates. Non- X.-Q. Li et al. Molecular Immunology 94 (2018) 153-165 specific IgG was used to immunoprecipitated in cells as control. In the protein-DNA complex, Western blot was used to detect the IRF1 protein, and Real-time PCR was used to detect the DNA in the −883 to −427 region in the 5′fr of isg15 gene. As expect, IRF1 protein could not be detected in the protein-DNA complex immunoprecipitated with anti-Flag tag antibody or non-specific IgG in PK-15 cells (Mock) or in empty vector packaged lentivirusinfected PK-15 cells (pHS-AVC). Also, IRF1 protein could not be detected in the protein-DNA complex immunoprecipitated with non-specific IgG in the IRF1-expressing PK-15 cells (pHS-AVC-IRF1). By contrast, IRF1 protein could be detected in the protein-DNA complex immunoprecipitated with anti-Flag tag antibody in the IRF1-expressing PK-15 cells (pHS-AVC-IRF1) (Fig. 5A) .
At the mean while, gapdh gene and the 5'fr of isg15 gene were detected by Real-time PCR. The result showed that they could be detected in the cell lysates (Fig. 5B) . However, only the 5'fr of isg15 gene could be detected by Real-time PCR in the protein-DNA complex immunoprecipitated with anti-Flag tag antibody in the IRF1-expressing PK-15 cells (pHS-AVC-IRF1) (Fig. 5C) . The results indicated that IRF1 is able to interact with the DNA in the 5'fr of the isg15 gene in cells.
The construction of luciferase and ISG15 reporter systems
To elucidate the mechanism underlying the activation of ISG15 by IRF1, a firefly luciferase reporter system was employed to further explore the IRF1-mediated regulation of ISG15 expression. Full-length isg15 (FL, −1143 to 0) and a series of mutants containing mutations in the 5′ flanking region (5'fr) of the isg15 gene (Del 1, Del 2, …… and Del 5 + 6 + 7) were amplified by PCR. The amplicons were inserted into the multiple cloning site (MCS) (upstream of the firefly luciferase gene) of the PGL6 expression vector, resulting in the generation of a series of PGL6-5'fr-Luc expression vector constructs containing FL (−1143-0) and the isg15 5′ flanking region (5'fr) mutants (Del 1, Del 2, …… and Del 5 + 6 + 7) (Fig. 6A-B) .
In order to more accurately investigate the process of IRF1-mediated up-regulation of ISG15, an ISG15 reporter system was also constructed. The luciferase gene in the PGL6-5'fr-Luc expression vector constructs was replaced with the ORF of the isg15 gene to produce a series of PGL6-5'fr-ISG15 expression vectors (Fig. 7A-B) .
A eukaryotic expression plasmid containing the porcine IRF1 ORF (pcDNA-IRF1) was also constructed.
3.7. Identification of the functional domains in 5'fr of isg15 gene that are regulated by IRF1 using the luciferase reporter system
In the luciferase reporter experiments, firefly luciferase activity in the PGL6-5'fr-Luc expression vector-transfected cells was pronounced for FL and the Del 2, Del 1 + 2, Del 2 + 3, Del 7, Del 6 + 7, and Del 5 + 6 + 7 mutants of the 5′ flanking region compared to that of samples transfected with the PGL6 vector alone. In summary, firefly luciferase activity upon transfection with FL increased 5.9-fold, while luciferase activity following transfection with the Del 2, Del 1 + 2, Del 2 + 3, Del 7, Del 6 + 7, and Del 5 + 6 + 7 mutants increased 35.0, 22.3, 25.2, 6.9, 6 .6, and 9.2-fold, respectively (Fig. 6C) . Firefly luciferase protein expression levels were monitored by western blot analysis and were consistent with the observed luciferase activity results ( Fig. 6D-E) 3.8. Identification of functional domains in 5'fr of isg15 gene that are regulated by IRF1 using the ISG15 reporter system
In the ISG15 reporter experiments, western blot analysis revealed that ISG15 was expressed in the cells transfected with FL and the Del 2, Del 1 + 2, Del 2 + 3, Del 7, Del 6 + 7, and Del 5 + 6 + 7 mutants of the 5′ flanking region in PGL6-5'fr-ISG15 (Fig. 7C-D) .
Next, we sought to determine whether other porcine IRFs, such as IRF3 and IRF5, are also able to up-regulate ISG15 expression via the 5′ flanking region of the isg15 gene. Therefore, FL of PGL6-5'fr-ISG15, or Del 2 of PGL6-5'fr-ISG15 were co-transfected together with IRF1, or IRF3, or IRF5 eukaryotic expression vectors into BHK-21 cells. ISG15 protein expression levels were detected by western blot analysis. As shown in Fig. 7E, ISG15 was expressed in the cells co-transfected with FL of PGL6-5'fr-ISG15 and IRF1 and in the ones co-transfected with Del 2 of PGL6-5'fr-ISG15 and IRF1. In contrast, ISG15 was barely expressed in the cells co-transfected with FL of PGL6-5'fr-ISG15 and IRF3 and in the ones co-transfected with FL of PGL6-5'fr-ISG15 and IRF5. Cotransfection of Del 2 of PGL6-5'fr-ISG15 and IRF3, and co-transfection of Del 2 of PGL6-5'fr-ISG15 and IRF5 only slightly induced ISG15 expression. Taken together, these results suggest that IRF3 or IRF5 alone were not able to induce ISG15 expression via the promoter of the isg15 gene, at least not nearly to the degree that IRF1 did.
3.9. "g" at position −440 is important for the function of the isg15 gene 5′ flanking region According to a previous study by Sudhakar (Sudhakar et al., 2013) , there are two ISREs in the human optineurin gene. However, IRF1 only targets to the one located in the first intron (gaaaatgaaa, 792-801) to mediate optineurin up-regulation. By analyzing the sequence of the 5'fr of the porcine isg15 gene, we found that the isg15 5'fr contained three ISREs, namely, gaaaataaaa at −851 to −842, gaaaaggatg at −617 to −608 and gaaaaggaaa at −446 to −437 (Table 3) . Our results showed that IRF1 up-regulated firefly luciferase activity or ISG15 protein in FL and the Del 2, Del 1 + 2, Del 2 + 3, Del 7, Del 6 + 7 and Del 5 + 6 + 7 mutants containing gaaaaggaaa at −446 to −437 of PGL6-5'fr-Luc or PGL6-5'fr-ISG15. In contrast, IRF1 could not up-regulate firefly luciferase activity or ISG15 protein in the Del 1 mutant containing gaaaataaaa at −851 to −842 and the Del 4 mutant containing gaaaaggatg at −617 to −608 of PGL6-5'fr-Luc or PGL6-5'fr-ISG15.
In addition, alignment of these sequences suggested that the "g" at position −440 and the "a" at position −845 may be important nucleotides related to the function of the isg15 gene 5′ flanking region. Several mutants, including FL g−440a, Del 1 a−845 g, Del 2 g−440a, and Del 7 g−440a, were fused to the firefly luciferase gene to generate a series of constructs. The FL g−440a, Del 2g−440a, and Del 7g−440a mutants induced a reduction in firefly luciferase activity or firefly luciferase expression levels (Fig. 8) . In contrast, compared to Del 1, Del 1 a-845 g did not result in an increase of firefly luciferase activity or expression. These results confirmed that the "g" at position −440 is an important nucleotide related to the function of the isg15 gene 5'fr.
Based on data obtained from the luciferase reporter system and ISG15 reporter system, nucleotides −487 to −325 in the 5′ flanking region of the isg15 gene appear to play a key role in isg15 gene promoter activity. Additionally, IRF1 facilitated isg15 gene up-regulation via nucleotides −487 to −325 in the 5′ flanking region.
Discussion
The up-regulation and activation of IFN and ISGs play important roles in antiviral innate immunity. Fig. 6 . Identification of the functional domain in 5'fr of isg15 gene using a PGL6-5'fr-Luc reporter system. (A-B) The full long (FL) 5′ flanking region of isg15 gene and its mutants were inserted into the PGL6 vector, which contains a multiple cloning site (MCS) and a firefly luciferase ORF. These constructs were designated PGL6-5'fr-Luc vectors (A). PGL6-5'fr-Luc expression vectors containing the relevant mutations were identified following Xho I/BamH I restriction digestion and electrophoresis (B). pcDNA-IRF1 containing the complete ORF of the IRF1 gene was constructed using a eukaryotic expression vector, pcDNA3.0. PGL6-5'fr-Luc contains the FL (−1143 to 0) 5′ flanking region, mutants of the 5′ flanking region of the isg15 gene and the complete ORF of the firefly luciferase gene. (C) pcDNA-IRF1 and PGL6-5'fr-Luc were co-transfected into BHK-21 cells. Cell lysates were collected at 24 hpt, and luciferase activity was measured using a luciferase reporter assay. (D) IRF1 and firefly luciferase expression levels were monitored by western blot analysis. (E) Quantification of firefly luciferase expression was performed by normalizing its expression to that of β-actin. Error bars represent the SD, * represents statistical significance (p < 0.05) compared to the control samples as determined by the Student's t-test.
The IRF family members are responsible for the transcription of multiple IFN and ISG genes. However, many viruses have evolved multiple strategies to counteract IRF function. In the case of CSFV, for example, the CSFV N pro protein is able to interact with IRF3 and IRF7, which are critical factors in promoting IFN and ISG expression . In this regard, the relationship between IRFs and ISGs still needs to be elucidated in more detail, especially in the context of viral infection. Both IRF1 and ISG15 are up-regulated following stimulation with synthetic dsRNA or CSFV infection (Figs. 1,2) . The free ISG15 and ISGylation could be detected in different bands (Supplemental Fig. 1) . However, the levels of ISG15 mRNA and protein expression in response to poly(I:C) and CSFV infection are quite different. Poly(I:C) induced higher level of ISG15 mRNA and protein expression than CSFV infection. The possible explanation is that the mechanism for poly(I:C) and CSFV activating PRRs and type I IFN are different. Poly(I:C) can trigger TLR3 receptor to produce type I IFN (Matsumoto and Seya, 2008) . However, CSFV virulent strain does not trigger TLR3 receptor (Cao et al., 2015) , and does not up-regulate type I IFN in vitro (Feng et al., 2012) and in vivo (Li et al., 2010) , but induce IRF1 up-regulation.
It has been reported that IRF1 accumulates primarily in the nucleus upon poly(I:C) stimulation . In our experiments, we determined that IRF1 translocates into nucleus following poly(I:C) stimulation (Fig. 4) . We also found that IRF1 translocates into the nucleus during CSFV infection (data not shown). These results indicate that IRF1 is able to initiate isg15 gene expression in the nucleus.
In early study (Miyamoto et al., 1988) , IRF1 has been identified as a regulator of IFN-β expression. ISRE (GAAANNGAAAG/CT/C) is located in the promoter of the target gene for the activation of transcription (Escalante et al., 1998) . Li and his colleagues tried to investigate whether porcine IRF1 play its antiviral activity through IFN-β. The result showed that porcine IRF1 might be dispensable for IFN-β induction triggered by RNA viruses in PK-15 cells .
Evidence has been presented that IRF1 is able to up-regulate several ISGs in cells lacking IFN signaling (Schoggins et al., 2011) . It has been reported that IRF1, but not IFN-I, mediates the induction of viperin transcription after IFN-γ treatment (Stirnweiss et al., 2010) . In our study, we found that IRF1 mediates the up-regulation of ISG15 following dsRNA stimulation. Next, we plan to identify whether the upregulation of ISG15 mediated by IRF1 is dependent on IFN signaling, by comparing its expression in wild-type and IFN −/− cells.
Porcine ISG15 has been shown to be up-regulated during swine virus infection, including porcine rotavirus and CSFV (Li et al., 2010) . As a consequence of ISG15 up-regulation, ISG15 binds to its target proteins, a process also known as ISGylation. It is assisted by the E1, E2, and E3 enzymes to regulate protein expression, signaling pathways, vesicular trafficking, and many other cellular processes (Morales and Lenschow, 2013) . According to several reports, ISG15 exhibits antiviral activity that acts through ISGylation. For example, HCV was inhibited by NS5A ISGylation at lysine 379 within the C-terminal region (Kim and Yoo, 2010) . ISG15 binds to the influenza A virus protein, thereby inhibiting its replication (Hsiang et al., 2009 ). ISG15 ISGylation reduces RSV growth (Gonzalez-Sanz et al., 2016) and has demonstrated inhibitory activities against the dengue and West Nile virus (Dai et al., 2011) .
In addition to the swine viruses mentioned above, IRF1 may inhibit the replication of various viruses, as demonstrated by the IRF1 overexpression and knockdown experiments. These viruses include the Newcastle disease virus (Pine, 1992) , hepatitis C virus (Kanazawa et al., 2004) , vaccinia virus (Trilling et al., 2009) , murine gammaherpesvirus Fig. 8 . The "g" at position −440 of the isg15 gene 5′ flanking region is a critical functional nucleotide. (A-C) The −440 nucleotide "g" was mutated to nucleotide "a" in FL, Del 2 and Del 7, and the −845 nucleotide "a" was mutated to nucleotide "g" in Del 1 in PGL6-5'fr-Luc expression vectors. Luciferase activity was measured using the luciferase reporter assay (A). IRF1 and firefly luciferase expression levels were detected by western blot analysis (B), and quantification of firefly luciferase expression was performed by normalizing to the β-actin expression levels (C). Error bars represent the SD, ns represents no significance (p > 0.05), * represents significance (p < 0.05) as compared to the indicated experimental samples as determined by the Tukey test for multiple comparisons.
68 (Mboko et al., 2014) , and the West Nile virus (Brien et al., 2011) . We believe that an effective strategy to better understand IRF1 antiviral activity is to unravel ISG15 antiviral mechanisms in future studies. Whether IFN-I plays a role in ISG15 up-regulation upon dsRNA stimulation is still not clear, but we have identified that IRF1 up-regulates ISG15 through nucleotides −487 to −325 in the 5′ flanking region of the isg15 gene, as demonstrated using firefly luciferase and ISG15 reporter assays.
There are several ISRE sequences in a particular gene, but a transcription factor only binds to some of them to initiate transcription. For instance, Sudhakar and colleagues (Sudhakar et al., 2013) reported the ability of IRF1 to bind to the first intron of the optineurin gene, thereby mediating optineurin mRNA transcription. For the optineurin gene, only the gaaaatgaaa sequence in the first intron, but not elsewhere, was identified as necessary for IRF1 binding (Supplemental Fig. 2) .
In our experiments, following the analysis of the 5′ flanking region associated with the isg15 gene sequence (GenBank Sequence ID: NW_003540743.2) (Supplemental Fig. 3 ), three sequences, specifically gaaaataaaa at −851 to −842, gaaaaggatg at −617 to −608 and gaaaaggaaa at −446 to −437, were found to be similar to the optineurin binding site. Also, these sequences are in accord with the ISRE sequence (GAAANNGAAAG/CT/C) ( Table 3) . Based on these observations, we speculated that the three sequences in the 5′ flanking region of the isg15 gene likely act as binding sites for IRF1. Therefore, a series of truncated mutations based on the 5′ flanking region of the isg15 gene were generated, and the associated PGL6-5'fr-Luc or PGL6-5'fr-ISG15 mutant expression vectors were constructed (Figs. 6A-B, 7A-B) . The Del 7 (−487 to −325, containing the sequence gaaaaggaaa between nucleotides −446 and −437) mutant regulated ISG15 expression. In addition, the other mutants containing Del 7 (Del 2, Del 1 + 2, Del 2 + 3, Del 6 + 7, Del 5 + 6 + 7 and FL −1143 to 0) also regulated ISG15 expression in PGL6-5'fr-ISG15. However, the Del 1 (−1143 to −675, containing the sequence gaaaataaaa between nucleotides −851 and −842) and Del 4 (−744 to −582, containing the sequence gaaaaggatg between nucleotides −617 and −608) mutants were unable to up-regulate ISG15 expression in PGL6-5'fr-ISG15 (Fig. 7C-D) . The same results were obtained with PGL6-5'fr-Luc when the firefly luciferase gene expression was analyzed (Fig. 6C-D) . Based on these data, the Del 7 mutant region (−487 to −325 nt) was identified as the promoter of the isg15 gene, and the gaaaaggaaa sequence (−446 to −437 nt) in the 5′ flanking region was deemed to be the core motif for ISG15 transcription, with the "g" at −440 likely serving as the key nucleotide for IRF1 binding. We then mutated the −440 nucleotide "g" to an "a" (g−440a) in FL, Del 2 and Del 7 in the PGL6-5'fr-Luc expression vector and detected the firefly luciferase activity. We found that the firefly luciferase expression levels from the FL g−440a, Del 2 g−440a, and Del 7 g−440a vectors were decreased compared to those of the FL, Del 2, and Del 7 vectors (Fig. 8) .
Overall, our results provide evidence that IRF1 mediates ISG15 upregulation following dsRNA stimulation or CSFV infection. We also confirmed that nucleotides −487 to −325, located in the 5′ flanking region of the isg15 gene, constitute the promoter region for IRF1-mediated up-regulation of ISG15. To our knowledge, we are the first to report that ISG15, an innate immune response protein with broadspectrum antiviral activity, is mediated by IRF1 in porcine cells. This study will serve as a foundation for the future exploration of IRF1-mediated antiviral activity against reported swine viruses.
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